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Cadherins mediate Ca2+-dependent cell-cell adhesion in vir tually all solid tissues (Takeichi, 1991) . They are homophilic adhesion molecules, and are thought to be responsible for specific cell recognition events during tissue morphogenesis. In epithelia, E-cadherin facilitates the for mation of other cell junctions and plays a role in the organ ization of a polarized cytoskeleton and organelles (Fig. 1) .
Inhibition of E-cadherin function at the cell surface with antibodies slows the formation of cell junctions (Gumbiner et al., 1988) . Furthermore, expression of exogenous cad herins by cDNA transfection can induce the formation of gap junctions between cells and create a communicationcompetent collective of cells (Matsuzaki et al., 1990; Musil et al., 1990) . Therefore, cadherins seem to regulate the state and/or extent of other cell-cell interactions.
The mechanism of cadherin function involves both specific binding of extracellular domains at the cell surface and interactions with components of the cytoplasm. The cadherins seem to interact in some way with actin filaments (Hirano et al., 1987) , presumably to fulfill a requirement to generate tension at adhesion sites. The roles of the cytoskeleton and tension generation in cadherin-mediated cell adhesion is probably best exemplified by the process of compaction in mouse embryos and in some cultured cells, whereby the adherent cells flatten extensively against one another (Fleming and Johnson, 1988) . Compaction of cells is probably analogous to the spreading of single cells on an extracellular substratum, a process which is mediated primarily by the integrins.
The cytoplasmic tail of the cadherins is a very highly conserved region of the molecules and carries out impor tant functions. Mutant cadherin molecules with deletions in the cytoplasmic domain fail to bring about normal cell adhesion (Nagafuchi and Takeichi, 1989; laevis. At least a portion of the electrophoretic band migrating at the position of y-catenin consists of plakoglobin, a desmosomal and zonula adherens protein that has high sequence similarity to p-catenin and armadillo. The catenins may be involved in the regulation of cad herin function during tissue morphogenesis and tumorigenesis.
K ey words: catenin, cadherin, adhesion 1989), despite the fact that the extracellular domain by itself seems to be able to fold properly and to retain some ligand binding activity (Bixby and Zhang, 1990; Wheelock et al., 1987) . Furthermore, overexpression of a cadherin molecule lacking virtually all of the extracellular domain in the early Xenopus embryo disrupts cell-cell adhesion globally (Kintner, 1992 ). This mutant cadherin seems to act as a domi nant negative inhibitor of endogenous cadherin function, presumably as a result of binding to some limiting intra cellular component(s).
The catenins are proteins that interact with the conserved cadherin cytoplasmic domain ( Fig. 2) (Magee and Buxton, 1991; Ozawa et al., 1989) . They were first identified as a set of three polypeptides (a-, p-and y-catenins) that coimmunoprecipitate with E-cadherin extracted from cells with nonionic detergents. The catenins bind to the region of the cadherin cytoplasmic tail required for normal cad herin function, as identified by the deletion mutant analy sis described above (Ozawa et al., 1990) . P-Catenin is known to bind directly to the cadherin cytoplasmic tail even in the absence of the other catenins . a-Catenin may bind to p-catenin or directly to Ecadherin (Ozawa and Kemler, 1992) . y-Catenin seems to interact less stably with the cadherin-catenin complex, since its recovery in cadherin immunoprecipitates is more vari able.
The best candidate for mediating the interaction of cad herins with actin is a-catenin. Its primary amino acid sequence and overall sequence organization is very similar to that of vinculin, a cytoskeletal protein known to be asso ciated with actin filaments at their sites of attachment to the plasma membrane in focal contacts (Herrenknecht et al., 1991; Nagafuchi et al., 1991) . There is also some sugges tive evidence that a-catenin binds to actin (Ozawa et al., 1990). A fraction o f the E-cadherin-catenin com plex binds to a D N ase colum n (D N ase is know n to bind tightly to actin). By contrast, w hen the a-caten in is first stripped from the com plex by treatm ent w ith the detergent octylglucoside, the com plex no longer binds to DNase. H ow ever, this evi dence for an a-catenin/actin interaction is indirect and can account for only a sm all fraction o f the cadherin-catenin com plex; there is not yet any evidence that the com plex contains significant am ounts o f actin.
Perhaps the m ost interesting findings about the function o f a-caten in com e from studies o f a-catenin-deficient car cinom a cells (H irano et al., 1992) . These cells express Ecadherin and the other catenins, b ut are only loosely adher ent. W hen a-c aten in is expressed in this cell line by cD N A transfection, the cells undergo a com paction-like process and form epithelial structures. Since actin filam ents are involved in com paction, this finding indicates that a-caten in is required in som e way for the interaction o f E-cadherin with the actin cytoskeleton.
T here is intriguing evidence that P-catenin is involved in signal transduction or in the regulation o f cadherin func tion by developm ental signals. P-C atenin is highly hom ol ogous to a segm ent polarity gene in D rosophila called arm adillo (arm ) (Fig. 3) (M cC rea et al., 1991) . In arm mutants, the posterior com partm ent o f each em bryonic seg m ent fails to develop, and is instead replaced by a m irror im age o f the anterior com partm ent (Rigglem an et al., 1989) . arm seems to participate in the sam e developm ental sig naling pathw ay as wingless, w hich is a hom olog o f the ver tebrate wnt fam ily o f grow th factors (Peifer et al., 1991; Rigglem an et al., 1990) . T he hom ology betw een P-catenin and arm adillo raises the possibility that P-catenin has a sim ilar developm ental signaling role in vertebrates.
W e have recently obtained evidence that p-catenin par ticipates in em bryonic pattern form ation in X enopus (M cC rea et al., 1993) . M icroinjection o f anti-p-catenin anti bodies into cleaving em bryos causes the developm ent o f a secondary body axis, as evidenced by the form ation o f two notochords and tw o neural tubes, and som etim es even the form ation o f two com plete head structures. T his phenotype is rem arkably sim ilar to the one caused by the injection of w nt m RNA. T he anti-P-catenin Fabs, like w n t m RNA , are also capable o f rescuing a prim ary dorso-anterior axis in em bryos that had been ventralized by treatm ent with UV light. T hese findings suggest that a know n com ponent o f the cell-cell adhesion m achinery (P-catenin) participates in developm ental signaling. They are also consistent w ith the notion that P-catenin is part o f the same or a related sig naling pathw ay as that utilized by wnt, sim ilar to signaling m ediated by arm and w ingless in D rosophila.
How P-catenin m ight participate in a developm ental sig naling event is not yet know n. W e do not even know w hether the m icroinjected antibody acts in an inhibitory or a stim ulatory fashion. D espite the lack o f inform ation about biochem ical m echanism s, two general kinds o f m odels can be considered (Fig. 4) . p-C atenin could act directly in an intracellular signal transduction pathw ay in response to hom otypic binding o f cadherins or to occupancy of a wnt receptor (m odel 1). A lternatively, P-catenin could regulate cadherin adhesion activity, perhaps in response to the recep- tion o f a wnt signal (m odel 2). R egulating specific cell recognition in this w ay could determ ine w hich cells in a tissue are capable o f com m unicating w ith each other by other short-range signaling system s. For exam ple, there is already very good evidence that gap junction com m unica tion is controlled by specific cadherin-m ediated cell recog nition (M atsuzaki et al" 1990; M usil et al., 1990) . In this regard, it is very intriguing that the writs that induce the form ation o f a duplicate axis in X enopus also stim ulate the extent o f gap junction com m unication betw een em bryonic blastom eres (O lson et al., 1991) . T heoretically, this type of regulation could be generalized to any pair o f cell surfacebound ligands and receptors (like sevenless and bride o f sevenless in D rosophila eye developm ent; Cagan et al., 1992) , w hich have been discovered w ith increasing fre quency. F urther experim entation will be required to deter m ine the m echanism by w hich cadherin-m ediated cell-cell adhesion participates in em bryonic patterning. Phosphorylation o f P-catenin m ay be one m echanism for regulating cadherin function at the cell surface. In \-srctransform ed cells, cadherins are expressed at the cell sur face, but are functionally inactive (M atsuyoshi et al., 1992; V olberg et al., 1991) . p-C atenin is phosphorylated on tyro sine residues in these cells, but not in norm al cells (Behrens et al., 1993; H am aguchi et al., 1993; M atsuyoshi et al., 1992) . H ow ever, because v-src is a very prom iscuous tyro sine kinase, it is difficult to know w hether tyrosine phos phorylation o f P-catenin is relevent to the alterations in cell adhesion. C ellular src-like kinases are present at adhesive junctions in norm al cells (T sukita et al., 1991) , and could be involved in regulating cadherin-m ediated adhesion. T here is not yet evidence that tyrosine phosphorylation o f P-catenin in nontransform ed cells is associated w ith any developm ental or physiological event.
The m olecular nature and cellular function o f y-catenin is less w ell defined. A t least one com ponent o f the y-catenin band seems to be plakoglobin, a polypeptide first described as a com ponent o f the desm osom al plaque, but also found to be present in zonula adhaerens junctions (Cow in et al., 1986). Plakoglobin shares very high sequence hom ology w ith arm adillo (Peifer and W ieschaus, 1990 ) and P-catenin (M cC rea et al., 1991) . Plakoglobin has been found to coim m unoprecipitate with desm oglein-l (K orm an et al., 1989), a desm osom al com ponent that is a m em ber o f the cadherin superfam ily (G oodw in et al., 1990; K och et al., 1990) . It is also present, although apparently w ith som e variability (Butz et al., 1992) , in E -cadherin im m unoprecipitates, and it co-m igrates w ith the y-catenin band on 1 dim ensional SD S-gels (K nudsen and W heelock, 1992; Peifer et al., 1992) . Prelim inary unpublished data indicate that p-catenin and plakoglobin form m utually exclusive cadherin-catenin com plexes, and therefor they m ay interact with the same binding site on E-cadherin. T he y-catenin band m ay also contain additional polypeptides that have yet to be defined.
Progress has been m ade in the m olecular characteriza tion o f the catenins, polypeptides w hich m ediate the cyto plasm ic functions o f the cadherins. M uch rem ains to be learned about how the catenins them selves interact with the actin cytoskeleton, m ediate cadherin-dependent intracellu lar signaling events, and regulate the functional activity o f the cadherins. U nderstanding these functions o f the catenins will reveal m uch about the m echanism s o f cadherins in tissue m orphogenesis. W ith the appropriate m olecular tools now available, these questions are subject to rigorous exper imental analysis.
